In the rat central nervous system (CNS) oligodendrocytes and type-2 astrocytes are thought to develop from a common precursor -the 0-2A progenitor cell. Oligodendrocytes develop first and make myelin; type-2 astrocytes develop later and extend processes to nodes of Ranvier. The timing of differentiation of 0-2A progenitor cells seems to depend on chemical signals secreted by another type of glial cell -the type-1 astrocyte. Type-1 astrocytes secrete platelet-derived growth factor (PDGF), which stimulates 0-2A progenitor cell proliferation and drives the clock that controls the onset of oligodendrocyte differentiation, which is the constitutive pathway of progenitor cell development. Later, type-1 astrocytes are thought to secrete a CNTF-like protein that initiates type-2 astrocyte differentiation.
Introduction
The many types of nerve cells and supporting (glial) cells in the mammalian central nervous system (CNS) develop on a predictable schedule from the neuroepithelial cells of the neural tube. The mechanisms responsible for controlling the direction and timing of neuroepithelial cell differentiation, however, are largely unknown. We have been studying the control of glial cell differentiation in the rat CNS -in the optic nerve, one of the simplest parts of the CNS, and in the brain, the most complex organ in the body. Here we briefly review some of the main findings.
The rat optic nerve contains three types of macroglial cells
The optic nerve is simple because it contains no nerve cells. It does, however, contain the axons of the retinal ganglion cells that project from the eye to the brain. Three types of macroglial cells structurally and functionally support the axons in the nerve: oligodendrocytes and two types of astrocytes, called type 1 and type 2 (Raff et al. 1983a) . Oligodendrocytes myelinate the axons. Type-1 astrocytes extend pro cesses that run at right angles to the axons: some of these processes terminate on the surface of the nerve, forming a 'glial limiting membrane ' (Miller et al. 1989) ; others terminate on the surface of blood vessels (Miller et al. 1989) and apparently (Janzer , and a type-2 astrocyte (A2). Type-1 astrocytes extend radial processes to the surface of the nerve and to blood vessels. Oligodendrocytes and type-2 astrocytes collaborate in ensheathing each retinal ganglion cell axon: oligodendrocytes wrap around the axon to form an insulating myelin sheath, while type-2 astrocytes extend fine longitudinal processes that contact the axon where the myelin sheath is interrupted at nodes of Ranvier.
and terminate at nodes of Ranvier (ffrench-Constant & Raff, 1986a; Miller et al. 1989) , where the myelin sheath is interrupted and the electrical activity of the axon is confined. By enveloping the exposed axons at nodes of Ranvier, type-2 astrocytes collaborate with oligodendrocytes in ensheathing the axons and constructing the nodes (Fig. 1) .
The three types of macroglial cells in optic nerve cultures arise from two cell lineages Experiments in culture suggest that the three types of macroglial cells in the nerve arise from two distinct lineages: oligodendrocytes and type-2 astrocytes develop from a common, bipotential 0-2A progenitor cell (Raff et al. 19836) , whereas type-1 astrocytes develop from a different precursor cell (Raff et al. 1984a) . Type-1 astrocytes first appear at embryonic day 16 (E16), oligodendrocytes on the day of birth (E21), and type-2 astrocytes between postnatal days 8 and 10 (P8-10) (Miller et al. 1985) . Both kinds of precursor cells divide rapidly before they differentiate; while type-1 astrocytes continue to divide for at least a week or so after they develop, oligodendrocytes, and probably type-2 astrocytes, divide infrequently, if at all, after they are formed (Skoff et al. 1976a,b; Miller et al. 1985; Noble & Murray, 1984) .
Recent experiments suggest that 0-2A progenitor cells migrate into the developing optic nerve from the brain (Small et al. 1987) . This implies that the neuroepithelial cells of the optic stalk (the part of the neural tube that will form the optic nerve) gives rise only to type-1 astrocytes.
We have focused our attention on the 0-2A cell lineage and have tried to answer two related questions: what determines whether an individual 0-2A progenitor cell develops into an oligodendrocyte or a type-2 astrocyte, and what controls when a progenitor cell differentiates?
Oligodendrocyte differentiation is the constitutive pathway of 0-2A progenitor cell development Whereas most 0-2A progenitor cells in the developing optic nerve proliferate for a week or more before differentiating, when they are grown in dissociated cell culture, they stop dividing and differentiate within 2-3 days: if they are cultured without foetal calf serum (FCS), they become oligodendrocytes, while in the presence of FCS they become type-2 astrocytes (Raff et al. 19836, 19846) . Clearly, environmen tal conditions can profoundly influence both the timing and direction of 0-2A progenitor cell differentiation.
If a single 0-2A progenitor cell is cultured alone in a microwell in the absence of FCS, it immediately stops dividing and differentiates into an oligodendrocyte (Temple & Raff, 1985) . This suggests that oligodendrocyte differentiation is the constitutive pathway of 0-2A progenitor cell development, which is automatically triggered when the cell is deprived of signals from its neighbours.
The normal timing of oligodendrocyte development can be reconstituted in vitro if 0-2A progenitor cells from embryonic optic nerve are cultured together with an excess of purified type-1 astrocytes in the absence of FCS. The astrocytes secrete a growth factor(s) that keeps the progenitor cells dividing in these mixed cultures (Noble & Murray, 1984) , and the progenitors now give rise to oligodendrocytes beginning on the equivalent of the day of birth, just as in vivo (Raff et al. 1985) . A crucial growth factor that type-1 astrocytes secrete in culture in order to keep progenitor cells dividing is platelet-derived growth factor (PDGF) (Richardson et al. 1988; Noble et al. 1988) . Adding excessive amounts of PDGF to cultures of embryonic optic nerve, however, does not prevent the first oligodendrocytes from developing on schedule (Raff et al. 1988) . Apparently, 0-2A progenitor cells can divide only a limited number of times (or for a limited period of time) before they become unresponsive to PDGF and differentiate into non-dividing oligodendro cytes, and the first cells reach this point on the day of birth, or its equivalent in culture. ,
Type-2 astrocyte differentiation is initiated by a specific inducing protein
Unlike oligodendrocyte differentiation, type-2 astrocyte differentiation does not occur when 0-2A progenitor cells are cultured in serum-free medium (Raff et al. 19836; Temple & Raff, 1985) . Progenitor cells can be induced to differentiate into type-2 astrocytes, however, if they are cultured in FCS (Raff et al. 19836; Temple & Raff, 1985) . Moreover, and of more relevance to normal development, type-2 M. C. Raff and L. E. Lillien astrocyte differentiation can be initiated in culture by a 20 000-25 000 M r protein that greatly increases in concentration in the rat optic nerve after the first postnatal week, when type-2 astrocyte development begins (Hughes & Raff, 1987) . Since the protein acts on 0-2A progenitor cells isolated from E l7-18 optic nerve, which is more than 10 days before these cells normally develop into type-2 astrocytes, it seems that it is the increase in the inducing protein rather than the onset of progenitor cell responsive ness that is responsible for timing type-2 astrocyte differentiation in the developing nerve.
Recent evidence (Hughes et al. 1988) indicates that the type-2 astrocyte-inducing protein is very similar or identical to ciliary neurotrophic factor (CNTF), a protein that promotes the survival of some types of peripheral neurones in vitro, including ciliary ganglion neurones (Helfand et al. 1976; Barbin et al. 1984; Manthorpe et al. 1986) . Cultures of purified type-1 astrocytes can produce CNTF or a closely related molecule (Rudge et al. 1985; Lillien et al. 1988) . Thus, by secreting PDGF and CNTF, type-1 astrocytes apparently regulate the timing of both oligodendrocyte and type-2 astrocyte development.
Macroglial cells develop on schedule in dissociated cell cultures of embryonic rat brain 0-2A lineage cells are not confined to the optic nerve; they are presumably present wherever CNS axons are myelinated. It is not surprising, therefore, that 0-2A progenitor-like cells have been found in perinatal brain (Williams et al. 1985; Goldman et al. 1986; Lillien et al. 1988 ), cerebellum (Levi et al. 1986 , and spinal cord (L. E. Lillien, unpublished). When cells dissociated from embryonic rat brain from E10 onwards are cultured in FCS, type-l-like astrocytes, oligodendrocytes and type-2 astrocytes develop on precisely the same schedule as they do in the developing brain (Abney et al. 1981; Williams et al. 1985) , which is virtually identical to the schedule in the optic nerve. This suggests that the mechanisms controlling glial cell diversification from E10 onwards operate independently of brain morphogenesis.
Since FCS itself can induce type-2 astrocyte differentiation, its presence compli cates the analysis of type-2 astrocyte development in such cultures. We therefore developed a system in which oligodendrocytes and type-2 astrocytes develop on schedule in cultures of embryonic rat brain cells in the absence of FCS (Lillien et al. 1988) . Just at the time type-2 astrocytes begin to develop in such cultures, a CNTFlike protein appears in the culture medium that is capable of prematurely inducing type-2 astrocyte differentiation if added to younger cultures (Lillien et al. 1988) . Moreover, extracts of cultures in which type-2 astrocytes have started to develop contain at least 50-fold more of the inducing protein than extracts of younger cultures. Thus, as in the optic nerve, it is apparently the production of a CNTF-like inducing protein rather than the responsiveness of the 0-2A progenitor cells that controls the timing of type-2 astrocyte differentiation in the brain. The ability to reconstitute the timing in vitro should facilitate the task of determining how the synthesis and/or release of the inducing protein is controlled. Although oligodendrocytes and type-2 astrocytes are thought to divide infrequently, if at all, there are dividing 0-2A progenitor cells in the adult rat optic nerve, where they presumably mediate a slow turnover of 0-2A lineage cells (ffrench-Constant & Raff, 19866; Wolswijk & Nobel, 1988) . Where do the dividing progenitor cells come from in the adult nerve? One possibility is that they are continuously produced from dividing subventricular cells in the brain, the main population of stem cells in the adult rat CNS (Hommes & Leblond, 1967) ; this would imply that newly formed O-2A progenitor cells continuously migrate into the adult optic nerve from the brain. Another possibility is that the 0-2A progenitor cells in the adult nerve are themselves stem cells, which continuously produce new progenitor cells as well as oligodendro cytes and type-2 astrocytes. There is evidence that perinatal 0-2A progenitor cells, which produce oligodendrocytes in vitro mainly after a limited number of symmetri cal proliferative divisions (Temple & Raff, 1986) , can transform in culture into adult type 0-2A progenitor cells, which produce oligodendrocytes by asymmetrical, selfrenewing divisions (S. Wren, G. Wolswijk & M. Noble, personal communication).
Glial cell diversification in perspective
One of the central challenges in developmental biology is to understand how a fertilized egg gives rise to the diverse cell types in the adult organism. In the CNS, the comparable challenge is to understand how the neuroepithelium of the neural plate and tube, composed initially of morphologically homogeneous cells, gives rise to the great diversity of nerve and glial cells. An early step must involve the division of the continuous neuroepithelium into regions that will later give rise to the characteristic set of cells of the retina, forebrain, midbrain, hindbrain, spinal cord, and so on, a process that may be analogous to dividing the blastoderm of a Drosophila embryo into segments (Nüsslein-Volhard et al. 1985; Ingham, 1988) and may depend on gradients and positional information (Wolpert, 1971) . Our studies of glial cell differentiation are concerned with much later steps in cell diversification, in which positional cues may be less important. Cell diversification at these later stages seems to depend on cell-cell interactions in which each cell type that differentiates influences the subsequent course of cell diversification in the region.
It would be surprising if some of the general principles underlying glial cell diversification do not also apply to the diversification of neurones and to many non neural cells as well. It is especially encouraging that many of the same families of signalling molecules and receptors are being found to mediate cell-cell interactions in the development of a variety of tissues and organisms.
